Large samples of a natural population of the plaice were examined for evidence of gametic disequilibrium (D) at five and seven polymorphic enzyme loci (younger and older fish respectively). A single pairwise locus comprison gave a statistically significant value for D: aGpdh-1 and Pgi-2 in young fish. The mean D values of the 10 pairwise comparisons of the five loci in young and old fish were low, 0.00175 and 0.00420 respectively: corresponding values of R (the correlation of gene frequencies) were 0.0 1473 and 0.03002. The increase in these parameters in older fish might be due either to population admixture, natural selection, a smaller sample size, or to a combination of these factors. The mean D and R values for the 21 pairwise comparisons of the seven loci typed in older fish were 000394 and 002496 respectively. Two loci catalysing adjacent steps in the glycolytic pathway, Pgm-1 and Pgi-2, showed no evidence of epistatic interactions generating disequilibrium.
INTRODUCTION
Since it became apparent in the late sixties that natural populations of most plants and animals contain appreciable levels of genetically determined enzyme variation (as assessed by gel electrophoresis), a number of studies have been published which have looked for linkage disequilibrium between pairs of enzyme loci. Certain models of selection predict the existence of linkage disequilibrium, but the existence of linkage disequilibrium does not, in itself, predicate selection; genetic drift, migration and mutation can all, in principle, generate such an effect. Loci showing such disequilibria need not, in fact, be linked, and thus in this paper we have preferred to use the term "gametic disequilibrium" (Hedrick et al., 1978) .
Most of the searches for gametic disequilibrium have been carried out on Drosophila species (see, for example, Langley, 1977; Charlesworth et a!., 1979; Mukai et a!., 1974) . These studies have linked loci, but frequently significant disequilibrium is found between enzyme loci and closely linked polymorphic inversions. Few studies of gametic disequilibriutn in vertebrates have been undertaken. In man, one large multilocus study of a Michigan population found gametic disequilibrium between two pairs of unlinked blood group loci, which the authors felt may have arisen, at least in part, from epistatic interactions (Sinnock and Sing, 1972) , while a second study, of Yanomama Indians from South America, found no disequlibria which could not be explained by available information on population structure (Smouse and Neel, 1977) . A survey of 12 polymorphic enzyme loci in the killifish found a single significant case of disequilibrium, between two esterase loci (Mitton and Koehn, 1975) .
We report here the results of a search for gametic disequilibrium at seven polymorphic loci in large samples of plaice taken from a single panmictic population. Little evidence for gametic disequilibrium was found.
MATERIALS AND METHODS
The Bristol Channel population of plaice was studied. This is thought to comprise a panmictic and relatively isolated population, with rather little immigration from Irish Sea or English Channel stocks (Simpson, 1959; Macer, 1972) . Older fish (those more than one-year-old, hereafter referred to as adult fish) were collected from 1973 to 1977 by trawling, and in the present analysis are pooled into a single group. Fish less than one-year-old, the "0" group plaice, were collected by pushnetting in shallow water on the South Wales beaches of Swansea, Oxwich and Pendine in 1973 , 1974 , and at Pendine only in 1977 Five polymorphic loci (Pgm-1, Ada, aGpdh-1, Mdh-2 and Pgi-2) were assayed from muscle tissue of virtually all fish and a further two loci (aGpdh-2 and Idh-2) from liver tissue of most of the adult fish. Details of the electrophoretic procedures followed and information on allele frequencies are given in Ward and Beardmore (1977) .
Contingency tables of dilocus genotypes were drawn up and analysed by the chi-square test developed by Nass (1959) , which is robust to the small expectations caused by the presence of rare alleles.
More than two alleles were present at each of the seven loci, and for the purposes of calculating the coefficient of gametic disequilibrium, D (Kimura, 1956) , the rarer alleles at each of the loci were pooled. Values of D were estimated for all possible dilocus comparisons using the maximum likelihood procedure for estimating gametic frequencies given by Bennett (1965) and Hill (1974) , and their significances assessed by the chisquare test. Values of R (the correlation of gene frequencies, Hill and Robertson, 1968 ) are also presented.
RESULTS
A total of 41 dilocus genotype contingency tables were drawn up, made up of 10 tables for each of the two large "0" group samples (1975, samples from the three sites pooled, and 1977), sampled for five loci, and 21 tables for the adult fish, sampled for seven loci. In these tables no alleles or genotypes were pooled. Only two of these tables gave significant departures from expectations after employing the x2 test of Nass (1959) : Pgm-l and Mdh-2 in "0" group fish (x2= 644, v = 1-90, 005> P> 0.025), and aGpdh-2 and Ada in adults (x2= 14i2, v =2-56, P=0001), The Pgm-1/Mdh-2 association may well be a sampling artefact, particularly since this pair of loci show no such association in the 1975 "0" group fish nor in the adult fish. The aGpdh-2/Ada association is caused by the presence of a single fish having a very rare genotype at each of the two loci; if this fish is left out of the analysis, no significant association remains (21-24, v=2.89, P>05) . Thus these analyses gave no evidence for non-random association of genotypes generated by genetic interactions.
Following pooling of alleles at each locus into two classes (one comprising only the most frequent allele, the other all remaining alleles), a total of 17 single locus genotype distributions, made up of five loci each for the 1975 and 1977 "0" group fish, and seven loci for the adult fish, were tested for goodness-of-fit to Hardy-Weinberg expectations. Two distributions differed significantly from expected: Pgm-1 in 1977 "0" group fish (x2= 884, P=0003) and aGpdh-2 in adults (2=479, P= 0.029). At the Pgm-1 locus there was a heterozygote deficiency, but no significant deviations were observed at this locus in 1975 "0" group fish nor in adult fish. The aGpdh-2 deviation, also caused by a heterozygote deficiency, is less statistically significant; this liver-specific locus was not typed in the small, "0" group fish. It is possible that both of these deviations were sampling artefacts. Table 1 gives gametic frequencies (following pooling of alleles into two classes) and values of D and R for pairwise comparisons of the five loci scored in all three groups of fish. A single value of D out of the 30 calculated is significant, that between Pgi-2 and aGpdh-1 in 1975 "0" group fish (P = 0035). Interestingly, this comparison is nearly significant in the 1977 "0" group fish (P = 0067) although non-significant (and of a different sign) in adult fish. These two significant, or nearly significant, values of D are also associated with the two largest values of R recorded for the "0" group fish. It should be noted that Hill's (1974) method for estimating dilocus gametic frequencies assumes that both loci are in Hardy-Weinberg equilibrium. This condition is clearly fulfilled for most of the samples, and the two loci which do show small, but, given the large sample sizes, significant departures from Hardy-Weinberg equilibrium, are not involved in the generation of the significant D values. Table 2 summarises data from, firstly, pooled collections of "0" group fish, adding the comparatively small samples collected in 1973 and 1974 to the 1975 and 1977 samples, and, secondly, pooled collections of all fish ("0" group and adult fish combined). Again, the only significant values of D are for Pgi-2 and Gpdh-1.
The mean D value of the "0" group fish, calculated from table 2 as the absolute sum of D divided by the number of dilocus comparisons (10), is 000175; the corresponding figure for the adult fish is 000420. R increases in a similar Loci: Pgm-1, phosphoglucomutase-1; Ada, adenosine deaminase; Mdh-2, malate dehydrogenase-2; Pgi-2, phosphoglucose isomerase-2; aGpdh-1, a-glycerophosphate dehydrogenase-l.
Gamete frequency notation: gamete 11 has allele 1 at both loci, gamete 12 has allele 1 at the first locus, allele 2 at the second locus, and so on.
N is the number of fish screened for that locus pair.
fashion, from O'01473 in "0" group fish to OO3OO2 in adult fish. Adult fish were screened for two more loci than the "0" group fish, and 
DISCUSSION
Gametic or linkage disequilibrium can be generated by natural selection, genetic drift, migration or (at least in principle) mutation. It may also arise from small founding populations or from bottlenecks generating disequilibria which, for closely linked loci, decay slowly. Furthermore, Thompson (1977) has demonstrated that significant disequilibrium can be generated between two unselected or neutral loci through the evolution of a linked selected locus, an example of genetic "hitchhiking". In attempting to detect disequilibria which can be ascribed to selective forces, it is necessary to sample large panmictic populations which have not gone through recent bottlenecks and into which there is, ideally, zero immigration. Even then, disequilibrium between very closely linked loci may 1973, 1974, 1975, 1977, N -42018, range 4198-4205 . All fish: all 0 group and adult fish: N = 51024, range 5068-5127. t P-0005, t I' = 0017, x -570. Table 3 Gametic frequencies, values of disequilibrium (1)) and correlations of gene frequencies (R) for comparisonsinvolving two further loci studied only in adult fish
The two additional loci are aGpdh 2, o-glycerophosphate dehydrogenase-2, and Idh-1, isoeitrate dehydrogenase-l.
simply reflect ancient reductions in population size or linkage with a locus under selection. The plaice population of the Bristol Channel is large and ancient, and thus seems a suitable candidate for the examination of gametic disequilibrium, although it should be noted that there is limited immigration from other Irish Sea populations (Macer, 1972) . Seven polymorphic loci were screened, and of the 21 possible dilocus combinations, only the Pgi-2 and csGpdh-1 loci showed gametic disequilibrium. This disequilibrium is evident in "0" group fish (values of D and R being consistent between collections made in 1975 and 1977) hut disappears in adult fish. The consistency found between "0" group fish of different years suggests it is a real phenomenon and not a sampling artefact, but it is then perhaps surprising that it is not present in older fish. The D value found in pooled collections of "0" group plaice, 00035, is too large to be explained simply by a mixing of parental stocks, each in equilibrium but having different gene frequencies at the two loci. Neither of these two loci is highly polymorphic, frequencies of the two loci. Neither of these two loci is highly polymorphic, frequencies of the most common alleles at Pgi-2 and LtGpdh-1 in the Bristol Channel population being around 0.943 and 0872 respectively, with corresponding values of 0.927 and 0867 in a north-east Irish Sea population (Ward and Beardmore, 1977) . Using the formula of CavalliSforza and Bodmer (1971) two to three fold in the adult fish. Disequibria formed as a result of epistatic interactions are expected to be more pronounced in older fish, which have survived increased selective culling (although of course the Pgi-2/aGpdh-1 association in young fish conflicts with this view), and thus the observation of increased D in older fish might reflect the action of selection. However, it should be pointed out that sample sizes for the adult fish are substantially smaller than for the "0" group fish, and thus part of this increase might be attributable to sampling error. A small part of this increase might also be attributable to population admixture of adult fish (which are far more active and mobile than young fish), although, as indicated above, genetic differentiation of Irish Sea stocks appears to be very limited. The general scarcity of examples of gametic disequilibrium is sometimes viewed as a finding contrary to the expectations of selective theories for the maintenance of enzyme polymorphisms, although it may simply be a consequence of looking at insufficiently closely linked loci. Furthermore, Brown (1975) showed that the number of samples required to reject the null hypothesis D = o is quite large, expecially when allele frequencies are far from equality. This is not a problem with our data set where sample sizes are large. Zouros and Johnson (1976) suggest, no doubt correctly, that disequilibria are most likely to be found between loci which are functionally related. Two such loci in our survey are Pgi-2 and Pgm-1 which catalyse neighbouring steps in the glycolytic pathway; they show no evidence of epistatic interactions. However, since Pgi-2 is not a highly polymorphic locus in the plaice, such interactions may not be detectable even in the large samples employed here.
The results of this study support the general conclusion of other workers that gametic disequilibrium between enzyme loci is a rare phenomenon. With the possible exception of aGpdh-1 and Pgi-2 in "0" group fish, we find no evidence for such disequilibria in the plaice.
